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We have performed an angular-resolved photoemission study of underdoped, optimally doped
and overdoped Bi2Sr2CaCu2O8+x samples using a wide photon energy range (15 - 100 eV). We
report a small and broad non-dispersive A1g peak in the energy distribution curves whose intensity
scales with doping. We attribute it to a local impurity state similar to the one observed recently
by scanning tunneling spectroscopy and identified as the oxygen dopants. Detailed analysis of the
resonance profile and comparison with the single-layered Bi2Sr2CuO6+x suggest a mixing of this
local state with Cu via the apical oxygens.
PACS numbers: 74.72.Hs, 74.25.Jb, 79.60.-i
In contrast to pure systems, the carrier density of the
CuO2 planes in the cuprates can only be modified by cre-
ating nonstoichiometric defects in the parent compounds.
For example, Bi2Sr2CaCu2O8+x (Bi2212) is hole-doped
mainly by the introduction of an extraneous amount of
oxygens, which is estimated to be around x=0.16 per for-
mula unit for the Tc = 95 K optimally doped samples [1].
Such dopants have long been suspected to induce local
electronic disorder [2]. However, it is only recently that
scanning tunneling spectroscopy (STS) measurements es-
tablished their in-plane positions in the structure by cor-
relating the STS spectra to the local electronic disorder
as a function of doping [3]. In particular, the differen-
tial conductance at the oxygen dopant (Oδ) site is char-
acterized by a broad peak around -0.96 eV. This peak
is observed in ∼ 8 A˚ diameter regions and their num-
ber is found to be proportional to doping [3]. Surpris-
ingly, larger superconducting gap magnitudes accompa-
nied with the absence of coherent peaks are observed in
these regions, suggesting that the Oδ are correlated to
the CuO2 planes electronic properties. Due to the impor-
tance of this issue, it is necessary to confirm the existence
of that coupling and to investigate further the local im-
pact of the Oδ. Owing to its complementarity with STS,
APRES is certainly an appropriate tool to investigate
this issue. More importantly, the atomic selectivity of
the resonant ARPES measurement provides unique and
valuable insight concerning the wavefunction of the states
of interest. When the incident photon energy is tunned
to near an absorption edge of a specific element, a res-
onance (strong enhancement of photoelectron emission)
usually occurs for certain valence spectral features that
involve this element. This “element-resolved” capability
may shed light on the nature of wavefunctions at the Oδ
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site and its influence to local superconducting properties.
In this letter, we present an ARPES study of Bi2212
which reveals a small, broad and non-dispersing peak
corresponding to a localized state analogous to the one
reported recently by STS at -0.96 eV [3]. We show
that the spectral weight of the corresponding ARPES
peak increases with doping, thus reinforcing its relation
to the presence of Oδ. In order to characterize further
this feature, we report measurements obtained for a wide
photon energy range. The peak exhibits photon energy
resonances around 50 eV and 75 eV. The latter, corre-
sponding to the Cu3p→3d edge, suggests a mixing of
the localized state with Cu. Furthermore, the absence
of resonance associated with the O2s→2p transition im-
plies that the state can only involve fully ionized oxygens.
We show that the peak is likely to have A1g symmetry,
which suggests a mixing with the apical oxygen O2pz
and Cu3d3z2−r2 orbitals. This interpretation is consis-
tent with the lack of similar feature in Bi2201, in which
the O2pz-Cu3d3z2−r2 is found ∼1 eV higher in binding
energy according to our theoretical calculation.
High-quality single crystals of Bi2212 with various dop-
ing have been grown by traveling solvent floating zone
method and subsequently annealed. For sake of clarity,
we use in the text the notation XT to identify the doping
level of the samples. In this shorten notation, X refers to
underdoped (UD), optimally doped (OP) or overdoped
(OD) samples, while T corresponds to the superconduct-
ing temperature. For example, OD71 means overdoped
sample with Tc = 71 K. ARPES spectra at 20 K were
measured with photon energy from 28 eV to 100 eV using
a Scienta SES-100 and the synchrotron beamline 12.001
of the Advanced Ligth Source, CA. For these measure-
ments, the rotating capability of both the sample holder
and the analyzer allowed us to record spectra with po-
larization parallel or perpendicular to Γ(0,0)-Y(pi,pi) and
M(0,pi)-Y on the same samples. Measurements were also
obtained at 10 K for the 15-23 eV photon energy range
2using a Scienta SES-2002 and the synchrotron beamline
U13UB of the National Synchrotron Ligth Source, NY.
The energy resolution is ∼ 10 - 40 meV for the photon en-
ergy range used in this study. Samples have been cleaved
and measured in situ in a vacuum better than 8× 10−11
Torr on a flat (001) surface.
The complementarity of the ARPES and STS tech-
niques suggests that ARPES spectra should exhibit fin-
gerprints of the -0.96 eV STS peak associated with Oδ.
Besides normalization and matrix element effects, the
space-integrated STS spectrum should correspond to the
momentum-integrated ARPES one. As illustrated in Fig.
1a, a small and broad peak is revealed in the energy dis-
tribution curve (EDC) of an OD71 sample obtained at
a photon energy of 45 eV within a 0.3 A˚−1 momentum
window centered at the kF point (we refer this as kF -
centered throughout the paper) of the anti-nodal direc-
tion (M-Y). A zoom of this EDC around -1.2 and 0.2
eV is given in Fig. 1b. In order to illustrate the effect
of space averaging on the -0.96 eV STS peak and to re-
produce the ARPES results, we show in Fig. 1c weighted
averages (20% steps) of the two STS curves digitized from
Fig. 1(A) in ref. [3]. The third curve from the bottom
(40% typical spectrum+60% impurity site spectrum [17])
is reprodced in Fig. 1b. A good qualitative agreement
is found between this curve and the OD71 kF -centered
EDCs measured along the nodal and anti-nodal direc-
tions. As the weight of the STS impurity state spectrum
decreases and the spectrum evolves to the typical STS
spectrum, the peak is smoothly suppressed and manifests
its presence by a slope change rather than a well defined
maximum. Even though the exact position of the slope
change depends on the normalization procedure of the
STS spectra, it is always observed at lower binding en-
ergies than the -0.96 eV peak. This is illustrated in Fig.
1c by the dotted line associated with the weighted STS
curve slope change. Interestingly, the -0.8 eV ARPES
peak does not show any dispersion, as illustrated by the
second derivative intensity plot shown in Fig. 1d, in con-
trast to most of the other bands detected in the -7 to
0.3 eV energy range. This is consistent with the local
impurity state origin of the feature.
The correspondence between the -0.8 eV ARPES fea-
ture and the -0.96 eV STS peak, which has been associ-
ated with the Oδ, is reinforced by its doping dependence.
A typical doping evolution is given in Fig. 2a, where the
EDCs of UD70, OP90 and OD71 samples are compared.
The intensity of the -0.8 eV peak increases with the dop-
ing x. In order to obtain quantitative information, we
extracted the weight of the -0.8 eV peak using the fol-
lowing procedure, illustrated in the inset of Fig. 2a: after
normalization of each EDC to the total spectral weight
of the -8 to +0.1 eV binding energy range, we extracted
a cubic polynomial background to the logarithm of the
EDCs. Due to the strong tail of the valence band and
the weakness of the -0.8 eV peak, the use of the loga-
rithm of the EDCs rather than the EDCs improved the
fits. Then, we converted back the background obtained
FIG. 1: (Color online) a) kF -centered EDC of an OD71 sam-
ple along M-Y. b) Zoom of the M-Y (thin plain line) and Γ-Y
(dotted line) EDCs at kF compared to the weighted average
of the STS typical (60 %) and Oδ site (40 %) spectra (thick
line) from ref. [3]. c) Weighted averages (20% steps) of the
typical and Oδ site STS spectra from ref. [3]. The left vertical
dashed line and right vertical dotted line correspond to the
-0.96 eV STS peak and to the slope change from the weighted
curve (third curve from the bottom), respectively. d) Second
derivative intensity plot of an OP90 sample along Γ-M.
into the natural scale (dotted curve) and calculate the
area under the peak by subtracting the two curves in the
-1.05 to -0.55 eV range. The errors have been estimated
by evaluating how the background varies with different
fit parameters and by considering the signal/noise ratio.
Figure 2b shows, as a function of doping, the results ob-
tained by averaging the weight extracted from the EDCs
measured in the 28 - 100 eV photon energy range (cir-
cles). The doping x, and thus the amount of Oδ, has been
deduced from the empirical relation [1] between Tc and x
given by Tmaxc /Tc = 1− 82.6(x− 0.16)
2 with Tmaxc = 95
K (plain curve). The weight extracted is consistent with
the relation proportional to x (dashed line) expected for
the interpretation of the -0.8 eV local state in terms of
Oδ.
We now ask the question: How does the Oδ couple to
the in-plane electronic properties? We investigated the
electronic character of the -0.8 eV peak by performing
ARPES measurements in a wide photon energy range,
which are summarized in Fig. 3. The kF -centered EDCs
along the nodal direction are shown in panels a and b.
While the impurity state peak does not show any dis-
persion, its amplitude exhibits some photon energy de-
pendence. Interestingly, the peak is particularly intense
and well defined for photon energies around 45-50 and
3FIG. 2: (Color online) a) kF -centered EDCs of the UD70 (bot-
tom), OP90 (middle) and OD71 (top) samples EDCs obtained
along Γ-Y. Inset: background (dotted curve) associated with
the OD71 EDC and the subtraction of the two curves (thick
line). b) Doping dependence of the -0.8 eV peak spectral
weight (circles), empirical relation (plain) between Tc and the
doping x given in ref. [1] (Tmaxc = 95 K), and proportional
relation between the spectral weight and x (dashed line).
75-80 eV. Even though the situation is less clear for the
low photon energy range (15-23 eV), a change of slope
in the EDCs is clearly seen in the -1 to -0.5 eV range,
as illustrated in Figs. 3b. Using the procedure described
above, we extracted the weight associated with the -0.8
eV peak for a wide range of photon energy. Figures 3c
and d show, for the 15-23 eV and 28-100 eV photon en-
ergy ranges, respectively, the results obtained for UD,
OP and OD samples. The average error bars are also
indicated on these figures. The weight extracted is con-
sistent with the precedent observations. Hence, sharp
resonances are observed around 50 eV and 75 eV. As for
the low energy range, no resonance can be defined, within
the error bars.
The -0.8 eV peak resonance around 75 eV suggests
that this peak is, surprisingly, related to copper ions. It
is well known that the Cu3p core levels locate around
-75 eV [4, 5, 6, 7], and we observed them at -76.7 and
-75.1 eV in our OD71 sample. Thus, one can expect
that such photon energy would enhance the direct tran-
sition Cu3p63d9+hν→Cu3p63d8+e− due to an interfer-
ence with a super Coster-Kronig Auger decay process de-
scribed by Cu3p63d9+hν→Cu3p53d10→Cu3p63d8+e−
[8]. It is well established that Cu3p63d8 represents a
satellite state (∼ -12.5 eV) of the valence band, as ob-
served in La2−xSrxCuO4 and YBa2Cu3O6+x [7]. In our
OD71 sample, this satellite is observed at -12.3 eV and
we checked that it is also strongly enhanced at a photon
energy of 75 eV as compared to 70 eV. Contrary to the 75
eV resonance, the resonance around 50 eV is more diffi-
cult to interpret in terms of a copper resonance. However,
previous ARPES studies of Bi2212 revealed a resonance
of the anti-bounding component of the bilayer hydridiza-
tion around 50 eV [9, 10]. Thus, it natural to correlate
the 50 eV resonance observed for the -0.8 eV peak and
FIG. 3: (Color online) The kF -centered EDCs obtained at
the nodal direction are given in a) for an OD71 sample using
the high photon energy range (28 - 100 eV) and in b) for
an OD66 sample using the low photon energy range (15 - 23
eV). The corresponding weight of the -0.8 eV peak is given in
panels c) and d) for the high and low photon energy ranges,
respectively.
the near EF anti-bounding band. Remarkably, we ob-
served no indication of any resonance associated directly
with oxygen, as one would expect. For example, such a
resonance, reinforced by quantum interference with the
O2s→O2p transition (around 17-18 eV [11]), enhances
the near-EF band along the nodal direction, as shown in
Fig. 4a. However, it has no sizable effect on the -0.8 eV
peak intensity (see Figs. 3e and g). This indicates that
the local state observed involves only oxygens with filled
2s and 2p shells (O−2).
Even though the localized state observed at -0.8 eV
is induced by the Oδ, its precise origin remains unclear.
The most natural explanation of our results is to interpret
the -0.8 eV peak as a Oδ level. A recent DFT study has
established that the Oδ site is most likely located between
the SrO and BiO layers [12], with a small ab displacement
as compared to the STS results [3]. It has been concluded
from LDA calculations performed on the relaxed struc-
ture obtained by DFT that the feature observed by STS,
and thus by ARPES, comes from unhybridized dopant
O2pz states [12]. However, this hypothesis cannot ex-
plain the photon energy resonances observed by ARPES.
In an alternative scenario, the -0.8 eV peak can be in-
terpreted as Oδ states strongly mixed with their environ-
ment. The Oδ is likely to be mixed with Cu through the
apical oxygen O2pz and Cu3d3z2−r2 A1g orbitals. The
absence of strong polarization dependence illustrated in
Fig. 4b is consistent with this scenario and disfavors the
possibility of a mixing of the -0.8 eV local state with the
4FIG. 4: (Color online) a) Photon energy dependence of the
nodal quasi-particule peak weight. Inset: Comparison be-
tween the nodal kF EDCs obtained at 16.7 (dotted line) and
22.7 eV (plain line). b) Polarization dependence of the -0.8 eV
spectral weight. c) Comparison between the Bi2201 (OD7)
and Bi2212 (OD71) M-centered EDCs. d) Calculated total
and apical oxygen O2pz density of states for the Bi2201 and
Bi2212 compounds.
Zhang-Rice singlet (Cu3dx2−y2 and O2px,y bands) [13].
In order to investigate further this second scenario, the
total density of states (DOS) and the DOS of the apical
oxygen O2pz band have been calculated for both Bi2201
and Bi2212 using LDA+U. As indicated by the results,
given in Fig. 4d, the DOS of the apical oxygen O2pz
band in Bi2212 exhibits a significant feature around -1
eV (indicated by arrows), which is moved by about 1 eV
towards the higher binding energies in Bi2201. As a con-
sequence, the absence of the -0.8 eV peak in the experi-
mental overdoped Bi2201 EDC (OD7) illustrated in Fig.
4c suggests that this peak comes from spectral weight
pulled out from the valence band, following the mixing
of the Oδ with the apical oxygen O2pz band, which is
itself hybridized to the Cu3d3z2−r2 band. Moreover, the
complementarity between ARPES and STS allows us to
predict that the -0.96 eV peak observed by STS will not
be observed in Bi2201.
Among the possible consequences of the second sce-
nario proposed in this letter, a local modification of the
Cu-Cu second nearest neighbor hopping term t′ is ex-
pected since the Cu3d3z2−r2 and apical O2pz orbitals re-
lated to this parameter are themselves strongly perturbed
in the vicinity of the impurity site [14, 15, 16]. This
leads to correlations between the Oδ distribution and
the CuO2 electronic properties, as evidenced by the gap
magnitude inhomogeneities reported by STS [3]. How-
ever, it is not clear that the observed weight of the -0.8
eV resonance can account for all oxygen dopants. Actu-
ally, a careful counting of the impurity sites observed by
STS indicates that only a fraction of the dopants (∼0.5)
are detected [3], suggesting the possibility of additional
Oδ non-equivalent sites for which the ARPES and STS
techniques are not sensitive. For this reason, further in-
vestigations are needed for a full understanding of the
local impact of the dopants on the CuO2 plane electronic
properties and on high-temperature superconductivity.
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